Background: Giant cell tumor (GCT) is a common benign tumor of the appendicular and axial skeleton that represents 5% of all primary bone tumors. In recent years, the combination of conventional aggressive curettage with targeted adjuvant anti-osteoclastic agents including bisphosphonates and denosumab have led to lower recurrence rates in patients with GCT in a small number of retrospective case series. Furthermore, efficacy of the same anti-osteoclastic agents has been shown in cases of unresectable GCT of bone, leading to decreased rates of tumor progression and stabilization of disease. This review assesses whether the current literature weakly, moderately, or strongly supports a targeted systemic treatment as the standard of care in patients with GCT. Methods: We conducted a current search of the MEDLINE database for literature pertaining to systemic GCT treatment. Our inclusion criteria were as follows: 1) studies that reported on a series of patients with resectable or unresectable cases of GCT; 2) a subset of patients must have been treated with systemic bisphosphonate or RANK-L inhibitor therapy; 3) each series had a minimum of 10 patients with histopathologically confirmed GCT; 4) each series stated their follow-up period. Results: Overall 6 studies, reporting on a total of 487 patients, were selected for inclusion in this review. For analysis, these 6 retrospective studies were subdivided into series where all GCT patients had resectable tumors (n = 4) and series where patients had a mix of resectable and unresectable tumors (n = 2). The overall recurrence rate of GCT in patients with resectable tumors treated with adjuvant systemic bisphosphonates was 6.7% compared to 48.4% in patients not treated with adjuvant systemic bisphosphonates (p < 0.0001). In patients with both resectable and unresectable primary aggressive, recurrent, or metastatic GCT disease, systemic bisphosphonate and denosumab demonstrated good efficacy with decreased rates of disease progression and recurrence. In general the side effects of bisphosphonates were mild while denosu-* Corresponding author.
Introduction
Giant cell tumor (GCT) is a benign tumor of the appendicular or axial skeleton that accounts for approximately 5% of all primary bone tumors, typically occurring in patients aged 20 through 40 years with a slight female predominance [1] [2] . Histologically GCT is comprised of 3 cell types: 1) multinucleated osteoclast-like giant cells; 2) fibroblast-like spindle-shaped (GCT stromal) cells, which represent the neoplastic component of GCT and overproduce ligand for receptor activator of NF-kappa B (RANKL); and 3) mononuclear cells that comprise osteoclast precursor cells [3] [4]- [6] .
While GCT of bone is a benign neoplasm, it has a propensity for aggressive local invasion and destruction with an overall recurrence rate as high as 75% when managed by simple curettage alone [1] [2] [7] . The most common locations of GCT include epiphyseal ends of the distal femur, proximal tibia, and distal radius often adjacent to the joint surface; however, GCT can also be located in the sacrum or mobile spine [1] [3] [4] . Metastases are rare in GCT, occurring in only 2% -3% of all patients, and are most commonly found in the lung. On radiographs, GCT demonstrates an osteolytic bone destruction pattern, which may be confined to a small area within the bone (stage I), expand the cortex (stage II), or breach the cortex and extend into the soft tissues (stage III) [4] .
Aggressive surgical resection and reconstruction is associated with a low incidence of tumor recurrence: however, joint mobility and functionality may be significantly reduced and long term outcomes of en bloc resection are generally poor [2] . Advancement from simple curettage to aggressive curettage involves the use of a high-speed burr at the tumor-bone interface and chemical agents such as alcohols and thermogenic bone cement within the tumor cavity may enhance marginal excision [2] . High-speed burr use and bone cement filling are both independent factors leading to lower recurrence rates in the surgical treatment of GCT [2] [8] [9] . The current standard of care for resectable GCT, utilizing high-speed burr curettage of the tumor cavity and thermogenic bone cement packing, has led to overall recurrence rates in the literature from 10% to 50%, with some of the variation attributable to tumor location, tumor aggression, and surgical technique [4] [10] . In a study published in 1982 in the American edition of Journal of Bone and Joint Surgery, Sung et al. followed 111 patients with histologically proven GCT and found an overall recurrence of 26.1% [4] [10] . Additionally Sung et al. demonstrated that recurrence rates in patients who underwent curettage and bone-grafting were much higher than patients treated with a more aggressive and morbid resection and fusion, at 41.2% and 7.1% respectively [10] . Recurrence is particularly important and prognostic in certain skeletal areas such as the mobile spine where GCT recurrence may worsen neurologic deficits, increase surgical complexity, or even preclude further surgical treatment [1] . Overall, GCT recurrence in the appendicular or axial skeleton is associated with increased morbidity and poorer outcomes.
The proposed pathophysiological origin of GCT is attributed to partially differentiated osteoblasts that comprise the GCT stromal cells, which over-express RANKL (Ligand for Receptor Activator of NF-Kappa B), cytokines, and chemokines [4] [11] [12] . This over expression of RANKL, a differentiation factor for osteoclasts, drives the formation of multinucleated osteoclast-like giant cells which are responsible for the continued lytic destruction of bone [13] [14] . In recent in vitro studies, bisphosphonates have demonstrated promising results and illustrated the clinical potential for these drugs to reduce recurrence rates and control progression of GCT by inducing apoptosis in the proliferating GCT stromal cells [1] [3] [15] . Denosumab, a RANK Ligand inhibitor antibody, is another promising targeted therapy in the systemic treatment of GCT. Denosumab directly affects the proliferation and lytic destruction of the multi-nucleated giant cells by interfering with the RANK-L/RANK pathway but whether it has efficacy against the neoplastic stromal cell component of GCT is still under investigation.
Historically, these systemic anti-osteoclastic agents have been used with good efficacy in the treatment of other osteolytic bone disease such as multiple myeloma and carcinomas that have spread to bone [16] [17] . In recent years, a small number of non-randomized studies have demonstrated that the use of adjuvant anti-osteoclastic agents, in combination with conventional treatment (aggressive curettage, and physical and chemical agents within the bone cavity) may lead to lower recurrence rates while maximally preserving native joint mobility and functionality in patients with GCT (see Figure 1) [2] [18] . Additionally, in cases of unresectable and recurrent GCT of bone, systemic medical treatment may be initiated before or even without accompanying surgical intervention, possibly leading to decreased rates of tumor progression and stabilization of disease [17] .
Currently there is no clear consensus regarding the use of systemic bisphosphonates or RANK-L inhibitor treatment in patients with resectable and unresectable cases of GCT. With only a handful of retrospective studies reporting the long-term results of systemic treatment in patients with GCT, it remains challenging to establish an evidence-based systemic treatment protocol for this primary bone tumor. The purpose of this study was to conduct a systematic review of the literature to evaluate the efficacy and safety profiles of systemic treatments by looking at recurrence rates, patient reported outcomes, and complications. Our review examined the existing literature on patients undergoing systemic bisphosphonate or RANK-L inhibitor in cases of both resectable and unresectable GCT to address the following questions: 1) What are the current systemic therapy regimens reported in the literature? 2) Are there differences in recurrence rates or outcomes in patients receiving systemic treatment for GCT with respect to controls?
3) Is there a role for systemic therapies in unresectable cases of GCT? 4) What are the reported side effects and complications of systemic therapy? 5) Does the current literature weakly, moderately, or strongly support a systemic treatment as the standard of care in patients with GCT?
Materials and Methods
We searched the MEDLINE database using the PUBMED electronic search engine from January 1950 through g Local Adjuvant Systemic Adjuvant January 2014 using the search terms and their respective combinations listed in Table 1 .
Physical Agents
Only articles that were published in the English language and could be retrieved were included. Studies reporting clinical outcomes in patients with GCT, of which at least one subgroup received systemic bisphophonate or RANK-L inhibitor treatment, were eligible for inclusion in our review. Our inclusion criteria were as follows: 1) studies that reported on a series of patients with resectable or unresectable cases of GCT 2) a subset of patients must have been treated with systemic bisphosphonate or RANK-L inhibitor therapy 3) each series had a minimum of 10 patients with histopathologically confirmed GCT 4) each series stated their follow-up period.
The titles and abstracts of all articles (n = 998) obtained during our MEDLINE database search were reviewed to determine their relevancy to our search inquiry. To minimize reviewer bias, effort was made to conceal all institutional and author information. In total 24 articles published in English were selected for further full text review. Articles that did not report patient specific data or outcomes following systemic treatment for GCT were excluded. In some cases, multiple studies from the same institution reported on the same group of patients undergoing systemic treatment for GCT. In these instances, only the most recent and largest series of patients were included in this review.
Eight studies met our inclusion criteria. Two studies were excluded since they utilized a redundant patient population. This yielded a total of 6 retrospective studies reporting on the outcomes of patients with cases of resectable or unresectable GCT receiving systemic bisphosphonate or RANK-L inhibitor treatment (Figure 2 ). For analysis, these 6 retrospective studies were subdivided into series where all GCT patients had resectable tumors (n = 4) and series where patients had a mix of resectable and unresectable tumors (n = 2).
Background information was obtained for each article in our review, which included year of publication, authorship, journal of publication, and level of evidence. Retrieved clinical data from each study included patient demographics, GCT location and grade, whether the GCT was resectable or unresectable, type and regimen of Excluded based on full text reviews for failure to meet inclusion criteria (n = 16)
Studies included based on primary search (n = 8)
Excluded studies reporting from same authorship group on same population of patients except for most recent and largest series of patients (n = 2)
Total studies included (n = 6) systemic treatment, surgical technique in resectable cases, additional treatments, patient clinical outcomes, follow-up radiographic, recurrence rates, and complications related to systemic therapy.
Results
Overall six papers, reporting on a total of 487 patients, were selected for inclusion in this review. Each study reported clinical outcomes of patients who had histologically confirmed GCT, in which at least one subgroup of patients were treated with systemic bisphosphonate or RANK-L inhibitor therapy. Systemic therapy in resectable cases was pre-operative, post-operative, or a combination of both (peri-operative). Each series explicitly stated their inclusion and exclusion criteria as well their favored regimen of medical therapy. All studies selected were retrospective reviews (level 4) and, when suitable, homogeneous outcomes across studies were aggregated for meta-analysis. For our analysis, studies were subdivided into series where all patients had resectable GCT (n = 4) or series where patients had either resectable or unresectable GCT (n = 2).
Resectable GCT Studies

Demographics and Adjuvant Systemic Treatment Type
A total of 4 studies, comprising 180 patients (range: 16 to 102 per study) were included in this portion of the review and systemic treatment in these 4 studies was comprised of varying adjuvant (pre-operative, post-operative, and peri-operative) regimens of bisphophonates [1] - [4] . Two studies [1] [4] (n = 146) used a regimen of preoperative and post-operative bisphosphonates (peri-operative) while the remaining two studies [2] [3] (n = 34) used a course of pre-operative or post-operative bisphosphonate treatment only. The bisphosphonate route of administration was either oral or parenteral (intravenous). The demographic data presented in Table 2 shows the mean weighted patient age was 34.1 years (range: 11 to 78 years). 
Giant Cell Tumor Characteristics
The heterogeneous characteristics of resectable GCT were reported in 3 of 4 studies (n = 162) and are outlined in Table 3 . Overall 78.4% (127 of 162) of patients had primary cases of GCT and 21.6% (35 of 162) of patients were being treated for a recurrence. GCT most commonly arose near the epiphyses of the distal femur, proximal tibia, or distal radius but a large series of patients (n = 102) had confirmed GCT in the mobile spine. Campanacci or Enneking tumor classification was reported in 3 of 4 studies (n = 162). 
Adjuvant Systemic Regimens, Surgical Technique, and Additional Treatments
Adjuvant systemic treatment regimens used in each series are reported in Table 4 . Two studies [1] [4] (n = 146) used a regimen of pre-operative and post-operative bisphosphonates (peri-operative) while the remaining two studies [2] [3] (n = 36) employed a course of pre-operative or post-operative bisphosphonate treatment only. The bisphosphonate route of administration was either oral or parenteral (intravenous) or combined (oral and intravenous) and duration of systemic treatment varied between 6 weeks and 2 years. Curettage was performed in all cases of resectable appendicular skeletal tumors while spondylectomy or subtotal resection was performed in cases of GCT in the mobile spine. Additional neoadjuvant, adjuvant, and intra-operative treatments included high-speed burr use for aggressive curettage, exothermic bone cement filling of the tumor cavity, selective artery embolization, local treatment with cisplatin or methotrexate, and radiotherapy.
Adjuvant Systemic Treatment Follow-Up and Recurrence Rates
In total, 89 (49.4%) GCT patients were treated with adjuvant systemic bisphosphonate therapy and 91 (50.6%) GCT patients did not receive adjuvant systemic bisphosphonate therapy. The duration of follow-up and overall recurrence rates are reported in Table 5 . The mean follow-up duration reported for 162 patients was 49.9 months (range 2 -192 months) and the length of follow-up for the systemic treatment group and no systemic treatment group were similar. Only 4 of 180 patients (2.2%) were lost to follow-up. The overall recurrence rate of GCT in patients with resectable tumors treated with adjuvant systemic bisphosphonates was 6.7% (6 of 89) compared to 48.4% (44 of 91) in patients not treated with adjuvant systemic bisphosphonates. The difference in recurrence rate of GCT was statistically significant using Chi-Squared analysis (p < 0.0001). Recurrence rates in the adjuvant systemic treatment groups ranged from 0% to 10.8%, while recurrence rates in groups who did not receive adjuvant systemic treatment ranged from 30% to 66.7% during their respective follow-up periods. Independently, three studies with control groups were powered to show a statistically significant benefit in recurrence free survival (RFS) in patients who were treated with bisphosphonates compared to patients who were not treated with bisphosphonate therapy [1] [3] [4] . In cases of GCT recurrence, the time from surgery to recurrence was typically 14 to 21 months.
Patient Outcomes and Radiographic Follow-Up
Additional patient outcomes and follow-up measures along with reported radiographic data is summarized in Table 6 . In general, functional outcomes in GCT patients improved following surgery but the reported results were heterogeneous and did not allow for formal meta-analysis.
Side Effects of Adjuvant Systemic Treatment and Study Limitations
The side effects related to adjuvant systemic bisphosphonate treatment were reported in 3 of 4 series
(n = 77 of 162) and all 4 series (n = 180) reported study limitations, which are outlined in Table 7 . Side effects related to systemic bisphosphonates were unanimously mild and included 2 patients (2.6%) who reported acid reflux and mild gastrointestinal distress from alendronate treatment. Monitoring of renal function reported by two studies [1] [4] of patients (n = 61) receiving bisphosphonates therapy was unremarkable. In general, reported limitations included short follow-up time, retrospective design of the studies, and small sample sizes with possibility of confounding variables. Post-operative course of oral alendronate 10 mg/day pulsed for two months with 1-month intervals and continued for 2 years.
High-speed burr for aggressive curettage, exposed cortical bone was burned with electric knife, cavity filling with bone cement, and internal fixation.
Xu et al. [1] IV zoledronic acid 4 mg (n = 26) or IV incadronate disodium 10 mg (n = 11) dosed once preoperatively and one dose every month post-operatively for 2 years.
En bloc total spondylectomy (n = 36) v. subtotal resection (n = 66). Additionally treatments included preoperative selective artery embolization (n = 37), local treatment with cisplatin (n = 35) or methotrexate (n = 29), and adjuvant radiotherapy (n = 66).
Tse et al. [4] Pre-operatively 2 doses of IV palmidronate 90 mg (n = 7) or IV zolendronic acid 4 mg IV (n = 17) at intervals of 3 -4 weeks. Post-operatively 3 more doses of IV bisphosphonates at 3 -4 week intervals as well as oral clodronate for 3 months.
Lesions underwent wide excision if subchondral bone was destroyed or intralesional curettage with subsequent reconstruction or bone cementation.
Cheng et al. [3] Prior to surgery patients completed weekly doses of IV pamidronate 90 mg for 6 weeks. Surgical curettage of tumor site was performed in all patients. 
Demographics and Systemic Treatment Type
A total of 2 studies, comprising 307 patients (range: 25 to 282 per study) were included in this portion of the review and systemic treatment in these studies was comprised of varying regimens of peri-operative or post-operative bisphosphonates and the RANK-L inhibitor antibody, denosumab [18] [19] . The route of administration for bisphosphonates was either oral or parenteral (intravenous) while denosumab was administered subcutaneously. The demographic data presented in Table 8 show the mean weighted patient age was 33.7 years (range: 15 to 75 years) with a female predominance of 58.6% (180 of 307) compared to males who comprised 41.4% (127 of 307) of GCT patients. In these series, 100% (307 of 307) of GCT patients were assigned to systemic bisphosphonate or denosumab therapy and therefore comparison against a control group was not possible. In the trial by Chawla et al., patients were stratified into 3 cohorts: 1) patients with unresectable GCT, 2) patients with resectable GCT and planned surgery associated with severe morbidity, and 3) a small cohort of patients remaining from a previous denosumab study still with GCT burden [18] .
Giant Cell Tumor Characteristics
The heterogeneous characteristics of resectable and unresectable GCT were reported in both studies (n = 307) and are outlined in Table 9 . Inherently, by study design, this group of patients had a greater propensity for recurrent and primary aggressive cases of GCT. Overall 38.4% (118 of 307) of patients had primary cases of GCT and 61.6% (189 of 307) of patients were being treated for a recurrence. In the study by Chawla et al., 68.8% (194 of 282) of patients were originally identified as having unresectable cases of GCT [18] . The location of GCT in these two series was heterogeneous, reported throughout the appendicular and axial skeleton along with cases that were multi-focal or metastatic often involving the lung. Enneking tumor staging was only reported by Balke et al. [19] .
Systemic Treatment Regimen, Surgical Technique, and Additional Treatments
Systemic regimens used in the two series are reported in Table 10 . In the study by Balke et al. the bisphosphonate regimen varied considerably [19] . The route of administration was either oral or parenteral (intravenous) or combined (oral and intravenous) and duration of bisphosphonate treatment varied between 6 weeks and 5 years. Retrospective, short follow-up time in bisphosphonate group, and small sample size.
Cheng et al. [3] Preoperative IV Bisphosphonates Not reported Short follow-up time, small sample size, and possible confounders. In the trial reported by Chawla et al., denosumab was delivered subcutaneously and the duration of treatment was undefined [18] . Systemic treatment with denosumab continued until one of the following: 1) disease progression 2) recommendation of discontinuation by investigator or sponsor 3) absence of benefit in provider's opinion, 4) patient's decision to discontinue 5) pregnancy or 6) administration of any proscribed treatments [18] . Additionally, patients in the denosumab trial were encouraged to take 500 mg of calcium and 400IU of Vitamin D daily. Previous adjuvant and neoadjuvant therapies for patients with GCT reported in these two studies included preoperative selective artery embolization, radiotherapy, chemotherapy (interferon alpha, ifosamide, cyclophosphamide, cisplatin, adriamycin), bisphosphonates, and prior surgery. Patients who received denosumab and bisphosphonates concurrently in the trial reported by Chawla et al. were excluded from evaluation [18] .
Systemic Treatment Follow-Up and Recurrence Rates
In total, 306 (100.0%) GCT patients were treated with systemic bisphosphonate or denosumab therapy. The duration of follow-up and cases of recurrence or disease progression, diagnosed by an increase in tumor activity or burden radiographically, are reported in Table 11 . The mean follow-up duration reported for 306 patients was 11.8 months (range 3 -60 months) and only 3 patients (1.0%) were lost to follow-up. In the study by Balke et al, the overall rate of recurrence (resectable) or disease progression (unresectable) in patients with recurrent or aggressive primary GCT was 16% (n = 4) [19] . In the trial of denosumab therapy, Chawla et al. stratified results by patients with unresectable GCT (cohort I) and patients with resectable GCT and planned surgery associated with severe morbidity (cohort II) [18] . In cohort I, 3.5% (n = 6) of patients had disease progression at range of 85 -498 days after first denosumab dose. At a minimum of one time point, 99% (158 of 159) of analyzed patients were determined to have a best response of stable disease or better: Eight patients (5%) had a complete response and 57 (36%) had a partial response, ninety-three patients (58%) had stable disease and 1 patient (1%) had disease progression. In cohort II, 74% (74 of 100) of patients identified as having resectable disease were able to avoid surgery due to treatment response at the time of analysis (average 9.2 months). Of the remaining 26 patients who underwent surgery, 16 (61.5%) had a less morbid surgical procedure, 9 (34.6%) underwent the anticipated procedure, and 1 (3.8%) patient underwent a surgery of increased morbidity (en-bloc resection versus curettage). While neither study in this portion of the review contained a control group, the overall percentages of GCT recurrence and disease progression are below the historic norms reported in the literature in cases of primary aggressive, metastatic, and recurrent cases of GCT [1] [2] [7] .
Patient Outcomes and Radiographic Follow-Up
Additional patient outcomes and follow-up measures along with reported radiographic data are summarized in Table 12 . In general, functional outcomes in GCT patients improved following surgery but the reported results were heterogeneous and did not allow for formal meta-analysis.
Side Effects of Systemic Treatment and Study Limitations
The side effects related to systemic bisphosphonate and denosumab are outlined in Table 13 . Similar to the cohort of studies (n = 4) in which all patients had resectable GCT, bisphosphonate use was generally safe and no adverse events were reported by Balke et al. [19] . In contrast, the ongoing trial of denosumab therapy in GCT patients has reported higher rates of side effects and adverse events [18] . In total 84% (236 of 281) of patients receiving denosumab suffered at least one side effect including: arthralgia (20%), headache (18%), nausea (17%), fatigue (16%), back pain (15%), and extremity pain (15%). Grade 3, 4, or 5 adverse events occur in 18% (n = 50) of patients overall and included: hypophosphatemia (3%), hypocalcemia (5%), anemia (1%), back pain (1%), pain in extremity (1%), arthralgia (1%), depression (1%), headache (1%), musculoskeletal pain (1%), osteomyelitis (1%), osteonecrosis of the jaw (1%), and weight gain (1%). Osteonecrosis of the jaw occurred 13 to 20 months after initiation of denosumab treatment and resolved in 2 of 3 patients. Serious adverse events, both related and unrelated to denosumab, occurred in 9% (n = 25) of patients, which led to treatment and study Table 11 . Resectable and unresectable GCT studies-systemic treatment follow-up and recurrence rates. Post treatment clinical outcomes were heterogeneous but included: stable tumor size (n = 11), decrease in tumor size (n = 1), decrease in pain (n = 8), no further recurrence (n = 12), stable lung metastases (n = 9), disease progression (n = 3), recurrence (n = 1) Radiographic: Metastases did not increase in size or number when assessed by lung CT or X-ray in patients during the follow-up period.
Chawla et al. [18] / RANK Ligand Antibody Cohort 1-Clinical benefit was seen in 67 of 169 (41%) patients and included pain reduction in 28%, improved mobility in 22%, and improved function in 19%. Cohort 2-Clinical benefit was seen in 61 of 100 (61%) patients and included pain reduction in 50%, improved mobility in 33%, and improved function in 23%. Radiographic: An objective radiographic complete or partial response was noted in 136 of 187 (72%) analyzed patients. By modified RECIST criteria, 47 of 187 (25%) had responses. The median time to radiographic response was 3.1 months and this response was maintained for at least 24 weeks in 76 of 111 (67%) patients analyzed with at additional time points. Chawla et al. [18] /RANK Ligand Antibody 84% (n = 236) of patient suffered at least one side effect. Grade 3, 4, or 5 adverse events occur in 18% (n = 50) of patients. Serious adverse (both related and unrelated to denosumab) events were noted in 9% (n = 25) of patients. Adverse events leading to treatment and study discontinuation occurred 5% (n = 14) and 5% (n = 13) of patients respectively.
One patient died from respiratory failure during the study unrelated to denosumab therapy. 21 patients discontinued the study in Cohort 1 and 20 patients discontinued the study in Cohort 2: Other adverse events: serious infections (2%, n = 5), and new primary malignancy (1%, n = 3).
Short follow-up time, no placebo group, and non-uniform follow-up amongst treating physicians discontinuation in 5% (n = 14) and 5% (n = 13) patients, respectively. In general, reported limitations of these studies included short follow-up time and the variability of multiple prior treatments given the heterogeneous course of patients with primary aggressive, recurrent, and metastatic GCT.
Discussion
Several systemic therapies have been reported in the literature with regard to the treatment of GCT in addition to local adjuvant therapies (Figure 1 ). Current management of GCT remains largely predicated on non-randomized studies and single-institution retrospective data [20] . In cases of wide-spread or aggressive GCT, the goal of treatment is stabilization of the disease while in less aggressive and resectable cases the goal of treatment is surgical removal and cure [19] . Historically, non-targeted systemic treatments such as cytotoxic chemotherapy were used to treat patients with GCT [21] - [24] . For instance, interferon-alpha (INF-α) had been used in GCT patients to target the hypoxia-angiogenesis axis, by inhibiting beta-FGF and IL-8, two angiogenic factors [25] [26]. However past non-targeted chemotherapeutic treatments for GCT patients, including INF-α, were accompanied by significant side effects and their reported efficacy in the literature was variable [27] [28] . Newer therapies such as bisphosphonates and denosumab target the RANKL/RANK pathway. Bisphosphonates cause osteoclast apoptosis, resulting in an overall decrease in bone absorption. Denosumab interrupts RANKL signaling, which reduces the number of RANK-positive giant cells and also has been hypothesized to inhibit pathways in the neoplastic stromal cell component of GCT but further study is necessary [17] . While both bisphosphonates and denosumab potentially inhibit multiple cell types, it has been speculated that denosumab may be more effective than bisphosphonates in specifically targeting the osteolytic and neoplastic components of GCT [29] . The benefit of systemic treatment with bisphosphonates or denosumab in both resectable and unresectable cases of GCT is encouraging. Our meta-analysis showed the overall recurrence rates of GCT in patients with resectable disease treated with adjuvant systemic bisphosphonates was 6.7% compared to 48.4% in patients not treated with adjuvant systemic bisphosphonates. The difference in recurrence rate of GCT was statistically significant using Chi-Squared analysis (p < 0.0001) and independently, all three studies with a control group were powered sufficiently to show a statistically significant benefit in recurrence free survival (RFS) in patients who were treated with adjuvant systemic bisphosphonates [1] [3] [4] . In patients with both resectable and unresectable primary aggressive, recurrent, or metastatic GCT disease, Balke et al, demonstrated an overall rate of recurrence (resectable) or disease progression (unresectable) of 16% in patients undergoing systemic bisphosphonate treatment [19] . Additionally, the on-going trial of denosumab therapy reported by Chawla et al. [18] , demonstrated that only 3.5% of patients with unresectable disease had disease progression within the follow-up period and 74% of patients identified as having resectable disease were able to avoid surgery due to treatment response at the time of analysis (average 9.2 months). Of the remaining patients who underwent surgery, 96.2% had a less morbid or equally morbid surgical procedure. While neither study reported by Balke et al. [19] or Chawla et al. [18] in this portion of the review contained a control group, the overall percentages of GCT recurrence and disease progression are below the historic norms reported in the literature in cases of primary aggressive, metastatic, and recurrent cases of GCT [1] [2] [7] . While the open-label phase 2 study of denosumab in GCT patients showed a positive tumor response, Balke et al. [30] noted the follow up period in this study is still short of the 12 to 24 month range necessary to detect true recurrence.
In cases of resectable GCT, local recurrences typically occur at the surgical margin within three years in 80% -90% of cases [31] [32] . Radiographic features of GCT recurrence include: 1) progressive lysis of the incorporated bone graft 2) failure to develop a radiolucent zone around the thin (2 mm) sclerotic rim between the bone cement and cancellous bone; an osteolytic zone caused by thermal injury [31] [33]- [35] . Recurrence of GCT in the soft-tissues can arise when tumor debris is implanted at the time of surgery [31] . In cases of soft tissue recurrence it was originally thought a peripheral rim of ossification was the pathognomonic sign of soft-tissue recurrence [31] [36] [37] . However, soft-tissue recurrence of GCT can occur without characteristic ossification and in these instances, diagnosis depends on physical examination and subsequent magnetic resonance imaging (MRI) scan demonstrating a heterogeneous signal pattern within a soft-tissue lesion [36] . MRI remains the best modality for detecting recurrent or residual disease. Local recurrence is associated with an area of high MRI signal and eccentric growth within the original surgical cavity that typically occurs within 18 months of surgery [31] [38] . Giant cell granulomas within the tumor bed can mimic recurrence, however these tend to develop more slowly over the course of several years [31] . Newer techniques in the detection of malignant and benign primary bone tumors include the use of fluorodeoxyglucose (FDG) detectable by PET, indicating a role for FDG-PET as a biomarker for monitoring disease progression, recurrence, and response to treatment. Interestingly, while most benign primary bone tumors demonstrate a low uptake of the FDG biomarker, GCT actually demonstrates a high up-take. In general, establishing a sensitive, specific, and cost-effective technique for the detection of GCT in the bone and soft tissues is an important aspect of timely and effective treatment in cases of primary and recurrent GCT [36] .
Complications and side effects directly related to long-term inhibition of the RANK/RANKL signal transduction pathway have been studied closely in the context of osteoporosis management. With long-term treatment at higher cumulative doses, bisphosphonates can exhibit renal toxicity (acute tubular necrosis), flu-like symptoms (with intravenous aminobisphosphonates only), and gastrointestinal toxicity in the form of ulcers, flatulence, and diarrhea (oral administration only) [39] - [45] . More rarely, patients taking bisphosphonates experiences hypocalcemia, ocular complications, asthma, erythema, phlebitis, altered taste, and central nervous system problems [46] . In the past decade, over 1000 cases in the US of osteonecrosis of the jaw have been reported in association with long-term aminobisphosphonate use [47] [48] . However, in our review, reported side effects for 102 patients related to systemic bisphosphonate included only 2 patients (2.0%) with acid reflux and mild gastrointestinal distress from alendronate treatment and there were no changes in the renal function of patients who were monitored. We believe a 6-week peri-operative bisphosphonate treatment demonstrates a relatively safe side effect profile, however the patient should be aware of the complications reported in the literature related to long-term bisphosphonate treatment with higher cumulative doses. The phase 2 study evaluating the safety and efficacy of denosumab for skeletally mature patients with GCT found adverse events related to long-term treatment with denosumab consistent with the known safety profile [18] . In total, 84% of patients suffered at least one side effect. Patients most commonly experienced hypophosphatemia, anemia, back pain, and extremity pain. Grade 3, 4, or 5 adverse events occurred in 18% of patients overall and included: hypophosphatemia, hypocalcemia, anemia, osteomyelitis, and osteonecrosis of the jaw. Osteonecrosis of the jaw occurred in 3 patients (1%) at 13 to 20 months after initiation of denosumab treatment. Long-term treatment with denosumab in osteoporotic patients in the FREEDOM trial revealed an association with dermatologic complications (eczema and cellulitis), and the DEFEND trial showed an increase in the rate of community-acquired infections in hospitalized subjects [49] [50]. However, the overall incidence of infections as reported by the DECID and STAND trials showed no significant difference between placebo and treatment groups [51] [52] . The proven efficacy of denosumab, especially against more aggressive, recurrent, and metastatic forms of GCT must be balanced against the reported 20% likelihood of a patient experiencing a serious adverse event during their treatment. Despite the side effects, we believe denosumab is an exciting new targeted therapy that will play an important and considerable role in the peri-operative (resectable) and non-operative (unresectable) management of patients with GCT. As of June 2013, denosumab was approved in the United States for treatment in patients with unresectable GCT or where surgical removal is likely to result in severe morbidity [53] .
Summary
In summary, the benefit of systemic treatment with bisphosphonates or denosumab in both resectable and unresectable cases of GCT is promising, but the paucity of high-level evidence with sufficient follow-up supporting their use remains. At this time we believe there is moderate support to recommend a short course of adjuvant peri-operative systemic bisphosphonate treatment for patients with resectable primary GCT and moderate support to recommend adjuvant peri-operative (resectable) and non-operative (unresectable) use of denosumab in cases of primary aggressive, recurrent, or metastatic GCT. With either systemic treatment, patients should be well counseled on all potential side effects in addition to alternative treatment, which includes the option of no systemic treatment. Limitations to this review are inherent to the comprising studies and include short follow-up time, retrospective design of the studies, small sample sizes, generalizability as studies were largely based on Asian populations which have higher incidences of GCT, and the variability of prior treatments in GCT patients. Additionally, the inclusion criteria and/or randomization of patients who received adjuvant systemic therapy were unclear in most studies. Randomized clinical trials on this subject in the future will better control for baseline patient and GCT characteristics. Finally, this review of targeted systemic therapies in the treatment of GCT patients brings orthopaedists and oncologists closer to adopting a new standard of care however further study with prospective data and longer follow-up is necessary.
